The recent experimental synthesis of the two-dimensional (2D)boron-graphdiyne (BGDY) nanosheet has motivated us to investigate its structural, electronic,and energy storage properties. BGDY is a particularly attractive candidate for this purpose due to uniformly distributed pores which can bind the light-metal atoms.
Introduction
Due to the continuous increase in global energy utilization and the effects of fossil fuel consumption on the climate, the development of sustainable and renewableenergy supplies is a matter of urgency.Hydrogen (H 2 ) is considered an ideal alternative to the depleting fossil fuels due to attractive properties such as high energy densitywith no harmful effects on the environment. However, an efficient way of storing H 2 is the main obstacle towards its realization as a green and clean energy carrier. [1] [2] [3] [4] Among different storage routes, 2D material-based H 2 storage seems to be the most sustainable option provided a suitable material is available, which meets the criteria proposed by US Department of Energy.
Carbon nanostructures (CNs) is a family of materials, which has been studied extensively for H 2 storage applications in different morphologies, such as carbon nanotubes, graphene, graphane, graphdiyne, graphyne and many others. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] However, the limitation of CNs, in their pristine form, is the weak binding with H 2 molecules, which restricts their applications as efficient H 2 storage materials due to small H 2 uptake orlow operating temperatures. [15] Thus, the binding energies of H 2 with the host CNs must be enhanced forstorage at ambient conditions. Several techniques have been employed for improving H 2 -CNs binding, e.g., spillover effect, defects formation in host materials, application of eclectic fields, inducing charges, and metal functionalization. [16] [17] [18] [19] [20] Functionalization of CNs and other nanostructures by introducing various elementsfor H 2 storagehas been comprehensively studied. Zhou and Szpunar investigated the H 2 storage properties of graphene sheets dopedwith Pd nanoclusters.
They found that Pd clusters of 5-45nm uniformly distributed over the graphene nanosheet attain H 2 storage capacity of 6.7 and 8.7 wt% atpressures of 50 and 60 bar, respectively. [21] Zhou et al. synthesized Ni/graphene compositesin which Ni clusters of 10 nm are uniformlydispersed over the graphene surface and studied their H 2 storage capacities. At ambient conditions an H 2 storage capacity of 0.1 wt% was achieved, andit could be increased to 1.2 wt% at a pressure of60 bar. [22] Theoretical studies of metal functionalizedCNs other than graphene for H 2 storagehavealso been carried out. Liuet al. used first principlescalculations based ondensity functional theory (DFT)to study the structural, and H 2 storage properties of Mgdopedγ-graphynesheet and obtained a storage capacity of 10.6 wt%. [23] wt%. [24] Another DFT study by Mohajeri and Shahsavar investigated metal functionalization of a graphyne monolayer under nitrogen and sulphur co-doping.
They reported high H 2 storage capacities of 9.0 and 9.3 wt% for Li and Na metal doping, respectively. [25] Theabove studies demonstrate that metal functionalization of CNs can play a vital role in improving H 2 binding with the host material. A very recent addition to the family of two-dimensional CNs isthe boron-graphdiyne (BGDY) nanosheet, which has been synthesized via a bottom-up synesthetic approach. [26] Among several attractive properties of BGDY such as enhanced optical, thermal stability, mechanical response, and thermal conductivity, the presence of boron centres uniformly distributed in a carbon network creates additional binding cites for metal centres.
Mortazavi et al. studied the structural, electronic, thermal, mechanical,optical and metal storage properties of BGDY by means of DFT coupled with molecular dynamics simulations. [27] Under the application of mechanical strain, it was concluded that this porous 2D monolayer preserves superstretchability. The authors further studied the application of BGDY as high capacity anode material for Li, Na and Ca ion batteries.Motivated by the enhanced metal storage properties of BGDY, we have employed spin-polarized DFT-D3 calculations to study its potential use as a high capacity H 2 storage material. We have considered both alkali (Li, Na, K) and alkaline earth metal (Mg, Ca) dopants uniformly distributed over the BGDY monolayer, and studied their structural, electronic and H 2 storage capacities. Our simulations revealed an optimum level of metal doping concentration for efficient H 2 storage.
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Computational details
We have carried out spin-polarized periodic boundary condition DFT calculations using the VASP code. [28, 29] In these calculations, the generalized gradient approximation (GGA) PBE exchange-correlation functional has been used. [30] We have employed projector-augmented wave (PAW) method to deal with theion-electron interactions. [31] Empirical van der Waals correctionshave been included using the D3 dispersion correction of Grimme et al. [32] The Brillouin zone (BZ) has been sampled by Monkhorst-Pack scheme with a mesh size of 3×3×1 for geometry optimization and 7×7×1 for obtaining density of states. [33] A vacuum space of 20 Å has been inserted, which is large enough to evade the possible interactions between periodic images along the z-axis. In the geometry optimizations, the convergence criteria for the total energies and forces have been set at 10 -5 eV and 0.01 eV/Å, respectively. Binding of metal dopants to the BGDY monolayer involve charge transfer mechanism, which has been studied by mans ofBader charge analysis. [34] Binding energies per dopant (E b ) of metal adatoms on BGDY are calculated using the following equation:
where X=Li, Na, K, Mg, Ca, and n=1-4. In this equation, the first, second and third terms represent the total energies of BGDY bonded with nmetal dopants, pristine BGDY monolayer and metal dopants, respectively.
Results and discussion
The optimized structure of BGDY is shown in Figure 1 . The BGDY monolayer used in this study has 14 atoms (C 12 B 2 ) consisting of two types of C-C bond lengths of 1.23Å and 1.35Å, and a B-C bond length of 1.51Å. The calculated lattice constant of 11.85Å and the bond lengths mentioned above agree well with the previous study which used the more reliable hybrid GGA functional HSE06. [27] In pristine form, BGDY preserves a semiconducting behavior with aenergy gap (E g ) of 0.485 eV, as evident from a total and partial density of states plots ( Figure 1(c) ).
However, this E g value is underestimated due to the well-knowninability of the PBE Figure   4 .
Here the first, second and third terms represent the charge densities of doped BGDY, pristine BGDY, and the metal dopant, respectively.
Transfer of charges from the dopants would change the electronic properties of BGDY monolayers, which have been studied by density of states plots. with those of C(p) and B(p) are more dominated as compared to the Li and Na cases, which is evident in Figures S3 and S4 For an ideal H 2 storage material, in addition to a highcontent of H 2 adsorption, desorption of H 2 molecules at feasible operating conditions is of greatimportance.
Thus, it is essential to investigate the desorption capacities of H 2 under practical conditions of pressure and temperature. For this purpose, we have employed the thermodynamic analysis of the adsorption of H 2 on light metal-doped BGDY monolayers for a given temperature and pressure to understand thermodynamics of H 2 .
The number of H 2 molecules can be calculated from the following formula. [45, 46] Li and Na are smaller than that on K and Ca. In addition, the change of the number of H 2 molecules is not linearly or parabolic, that is, there are multiple flatregionsas the temperature decreases. This is ascribed to the fact that the adsorption is generated from the multiple binding energy of H 2 according to the number of adsorbed H 2 molecules. On the other hand, at higher pressure the adsorption occurs at a higher temperature as shown in Figure 7 (a) because the chemical potential of the H 2 gas increases as the pressure increases.
[48] Thus, at constant temperature, H 2 can be released as the pressure decreases (Figure 7(b) ), which is an isothermal adsorptiondesorption process.
From figure 7 (a, b) 
